To study the process of expression of cytochrome P450 (P450) in hepatocytes during development, we measured microphotometrically the M 5 0 content in periportal and periwnular hepatocytes of male rats during periand postnatal growth. From Day 19 of gestation to Day 5 after birth, P450 content in both periportal and perivenular hepatocytes increased markedly (periportal 1046%; peiivenular 819%). The content in periportal hepatocytes remained unchanged from 5 to 20 days of age, and increased slightly (24%) from 20 to 45 days of age. However, the content in perivenular hepatocytes increased progressively (105%) between 5 and 45 days of age. The difference in P450 content became apparent between periportal and perivenular hepatocytes af-ter 7 days of age. The content in periportal or perivenular hepatocytes reached the adult level at 45 days of age. Therefore, the perinatal period is the time at which a marked increase in P450 occurs in hepatocytes throughout the liver lobule. The subsequent period before weaning is the time at which the sublobular heterogeneous distribution of P450 appears. The period after weaning is the time at which a slight increase in P450 content i n periportal hepatocytes and a marked increase in the enzyme in perivenular hepatocytes takes place. ( J Hisrochem Cytochem 41:397-400, 1993) 
Introduction
Cytochrome P-450 (P-450) localized in the endoplasmic reticulum membrane of mammalian hepatocytes mediates monooxygenation of drugs and steroids. Our recent studies revealed that the P-450 content is greater in perivenular or midzonal hepatocytes than in periportal hepatocytes in livers of adult rats and mice (7,19-21), whereas small amounts of P-450 are evenly distributed throughout the liver lobule of newborn rats (20) . Although these findings sug gest that the heterogeneous distribution of P-450 within the lobule in adult animals is formed during postnatal development, along with many other enzymes and proteins such as carbamoyl-phosphate synthetase (2), glutamine synthetase (I), albumin (16) and alphafetoprotein (16), details on the developmental change in the sublobular distribution of P-450 are not known.
Microsomal P-450-dependent drug and steroid monooxygenase activities in the liver are regulated by androgen through the secretion of pituitary growth hormone (3). Androgen or growth hormone also stimulates the expression of several P-450 isoforms during the peri-and neonatal period (3, 22) . Moreover, neonatal androgen "imprints" on the male rat a program for the developmental regulation of several P-450 isoforms (3). Although the neonatal period is an important time in the regulation of drug and ' Correspondence to: Jun Watanabe, DVM, PhD, Dept. of Anatomy, Kansai Medical University. 1 Fumizono-cho, Moriguchi, Osaka 570, Japan. steroid metabolism by these hormones, the pituitary does not mature in the rat until weaning (3). These points raised the question of whether changes in the amount and the sublobular distribution of all P-450 isoforms in the liver during the perinatal period differ from those after weaning when the pituitary matures.
In the present study, therefore, we measured microphotometrically the P-450 content in periportal and perivenular hepatocytes from male rats during peri-and postnatal growth.
Materials and Methods
Sprague-Dawley rats. 17-day-old fetuses and newborn, 5-, 6-, 7-, lo-, 20-, 30-, 45-, 60-, and 90-day-old animals were used. Animals older than 20 days and pregnant animals were fed laboratory chow and water ad libitum. Newborn, 5-, 6-, 7-, lo-, and 20-day-old animals (litter site [8] [9] [10] [11] [12] were kept with their mothers. Newborn animals were used within 12 hr after birth. Fetal days were counted from the day (0-day-old fetuses) after an overnight mating. In our laboratory, the length of gestation of the Sprague-Dawley rat was 20 days * 12 hr, and 19-day-old fetuses were just before birth.
Histochemical Methods. Five male animals were selected randomly from each age group. Under sodium pentobarbital anesthesia, livers of the animals were perfused with cold saline via the portal vein for 2 min. Under anesthesia, fetuses were removed from the uterus of pregnant rats by the cesarean section and placed on an ice-cold plastic plate. The fetuses were perfused with saline via the umbilical vein for 2-3 min. After examination of the genital organs of the fetuses, five males were selected randomly from three litters.
The content of P-450 in Iiver sections was measured according to the 398 WATANABE, ASAKA, KANAMURA method developed by us (20, 21) . In short, four blocks (about 3 x 2 x 2 mm) cut from the left lobe of each liver were quickly frozen. Four serial frozen sections, 40 pm thick, were cut from each block and separately incubated for 1 min in a medium (50 mM Tris-HC1 buffer containing 10% sucrose, pH 8.0) alone. in medium saturated with carbon monoxide (CO), in medium containing sodium dithionite (5 mglml) , and in medium saturated with CO and containing sodium dithionite. Then the section was taken onto a glass slide, mounted with the same medium, and set in a microphotometer (XF-P1; Nikon. Tokyo, Japan; or KWSP-1) (21). Hepatocytes within a three-cell radius of the portal area and central venule were considered as periportal and perivenular hepatocytes, respectively. Therefore, the periportal and perivenular hepatocytes correspond to "hepatocytes in the periportal zone" (10) and "hepatocytes in the pericentral zone" (10) . respectively. Ten fields, five including the periportal or perivenular hepatocytes, were selected randomly from one section. Absorbances at 450 nm and 490 nm were measured in the selected fields with a spot size of40 pm, and the content of P-450 in liver tissue (bmol P45Wliter tissue) was calculated (20). To calculate P-450 amount per unit liver weight, the resulting values were multiplied by the specific gravity of the liver (1.06) (23). The number of measurements per group was 200 (10 fields per section, one section per block, four blocks per liver, and five animals or fetuses per group).
Although we recently developed a method for measuring P-450 content in hepatocyte cytoplasm with a small spot size (21) . this method is inadequate for comparing the results (P-450 amount per unit cytoplasmic volume) with P-450 content in liver homogenates (P-450 amount per unit tissue volume or that per unit liver weight). In addition, although P-450 is stable within 30 min after the incubation (20). much time is required to identify periportal or perivenular regions in sections from fetuses or newborn, 5-. 6-, or 7-day-old animals. It is therefore difficult to measure P-450 content by analyzing many small spots in sections from the fetuses and infant animals. Therefore, we used the large spot size (40 pm) in the present study. The systematic distributional error due to the large spot size calculated by the method of Hutton (4) was less than 2 % in the present study, indicating that the distributional error is negligible. Therefore, the microphotometric data thus obtained (P-450 amount per unit tissue volume) could be compared directly with those from liver homogenates. P-450 amount per unit volume of cytoplasm (amol/liter cytoplasm) in hepatocytes adjacent to the central venule or portal area (1 perivenular or 1 periportal hepatocytes) is similar to the d u e in other perivenular or periportal hepatocytes in adult (18.21) and newborn rats (1 perivenular hepatocytes, 19.2; other perivenular hepatocytes 18.9; 1 periportal hepatocytes, 18.6; other periportal hepatocytes, 18.3; means for four animals; spot size of 5 pm). In the present study, therefore, we assumed that P-450 is evenly distributed in all periportal or perivenular hepatocytes in the animals or fetuses.
Biochemical Methods. Five male 20; 30-, 45-, 60-, or 90-day-old animals, 15 male 10-day-old animals, 25 male 7-day-old animals, 23 male 6-day-old animals, 28 male 5-day-old animals, 56 male newborn animals, and 138 19-day-old fetuses without regard to sex were used. Livers of these animals or fetuses were perfused with cold saline for 3 min as described above. The perfused livers from newborn, 5-, 6-, 7-, or 10-day-old animals, or those from 19-day-old fetuses, were combined in an amount equal to 2 g. The liver tissues from each age group were homogenized separately with nine volumes of 1 mM ?iis-HCI buffer (pH 7.4) containing 0.25 M sucrose. Two ml of the homogenates were taken for the assay of P-450 content in the homogenates. The washed microsomal fractions were prepared separately from the remaining homogenates by differential centrifugation as described previously (20, 21) , and suspended in 2 ml of Tris-HC1 buffer containing 10% glycerol (pH 8.0). P-450 content in the homogenate or microsome was determined biochemically with a Hitachi U- 3,200 spectrophotometer (20) . Protein was measured by the method of Lowry et al. (11) .
Statistical Analysis. For examining multiple independent results, data were subjected to one-way analysis of variance followed by Duncan's multiple range test. For analyzing matched-pair results, data were subjected to paired Student's t-test.
Results

Microphotometric Results
In livers of 19-day-old fetuses, periportal and perivenular hepatocytes contained small amounts of P-450 (Figure l) , which are close to the limit of sensitivity of the present microphotometric method. P-450 content increased markedly from Day 19 of gestation to 5 days after birth. In this period, P-450 content in perivenular hepatocytes was similar to the value in periportal hepatocytes. In periportal hepatocytes, P-450 content remained unchanged from 5 to 20 days of age, and increased slightly between 20 and 45 days of age. On the other hand, the values in perivenular hepatocytes increased gradually from 5 to 45 days of age. A significant difference in P-450 content (nmol/g liver; means 2 SE for five animals) appeared between periportal (20.7 2 1.43) and perivenular (28.5 * 2.77) hepatocytes at 7 days after birth @ < 0.05; paired Student's t-test), whereas there was no significant difference in the values between periportal (24. 
Biochemical Results
P-450 content in liver homogenates increased markedly from Day 19 of gestation to 5 days after birth, and was unchanged from 5 to 10 days of age ( Table 1) . The content increased slightly between 10 and 20 days of age and remained unchanged from 20 to 30 days Content of cytochrome P-4jO in homogenates and microsomes fiom livers offital, growing, and of age. The content increased from 30 to 45 days of age, and then reached the adult level. P-450 content in liver microsomes increased markedly from Day 19 of gestation to 5 days after birth ('Gble 1). The value was unchanged from 5 to 30 days of age, increased slightly from 30 to 45 days of age, and then reached the adult level.
The yield of microsomal protein increased gradually from Day 19 of gestation to 5 days after birth, remained unchanged from 5 to 30 days of age, increased slightly from 30 to 45 days of age, and remained unchanged from 45 to 90 days of age ( Table 1) .
Recovery of P-450 in the microsome was constant (about 40%) between 5 and 90 days of age, whereas the values in 19-day-old fetuses and newborn animals were about 30% (Table 1 ).
Discussion
As revealed in the present study, from Day 19 of gestation to 5 days after birth, P-450 content in both periportal and perivenular hepatocytes increases markedly. Thereafter, although the content in periportal hepatocytes is unchanged from 5 to 20 days of age and increases slightly between 20 and 45 days of age, the content in perivenular hepatocytes increases progressively between 5 and 45 days of age. A difference in P-450 content becomes apparent between periportal and perivenular hepatocytes after 7 days of age. Therefore, in male rats, the perinatal period until about 1 week after birth is the time during which a marked increase in P-450 occurs in hepatocytes throughout the liver lobule. The subsequent period from about 1 week after birth to weaning is the time at which the sublobular heterogeneous distribution of P-450 appears. The period from weaning to 45 days of age is the time at which a slight increase in P-450 in periportal hepatocytes and a marked increase in the enzyme in perivenular hepatocytes take place. We previously showed that the process of postnatal hepatocyte differentiation appears to include three phases of development: cell organelles develop during the early postnatal period; subsequently the cells undergo both functional and structural heterogeneity; and the late postnatal period after weaning is the time of a marked increase in cell size (8) . The three periods observed in the development of P-450 appear to correspond to the three phases of postnatal hepatocyte differentiation.
Recently, Omiecinski et al. (14) found that expression of P-450 genes such as CYP2B1. CYP2B2, and CYP3A1 increases markedly during the perinatal period. Therefore, the marked increase in P-450 during the perinatal period found in the present study is in agreement with the expression of these P-450 genes. However, during the early postnatal period, drug metabolic activity in livers of male rats develops slowly (5, 15) , although activity of P-450 dependent monooxygenases in hepatic microsomes of guinea pig increases rapidly (9) . These facts suggest that P-450 content in hepatocytes from male rats may not simply reflect the drug metabolizing capacity of the hepatocytes during the perinatal period.
In the present results, P-450 content in h e r sections or homogenates from >-dayold animals was eight to ten times that from 19-dayold fetuses. However, P-450 content in the microsomes of the animals was only five times that ofthe fetuses. The discrepancy may relate to the difference in the yield of microsomes between the 5-day-old animals and the 19-day-old fetuses or to the presence of hemopoietic cells in the fetal livers.
A preferential increase in P-450 in perivenular hepatocytes was found from about 1 week after birth to weaning. This increase may be attributed to three possible mechanisms. One is that the increase is controlled by factors transported by the circulating blood (17). The second is that periportal hepatocytes are less sensitive to growth hormone than perivenular hepatocytes. The third is the difference in the turnover rate of P-450 between periportal and perivenular hepatocytes.
From weaning to 45 days of age, the P-450 content in the homogenate or microsomes and the yield of microsomal protein increased. This suggests that both the number of P-450 molecules per unit area of endoplasmic reticulum (ER) membrane and the amount of ER increase in this period. The content of some sexspecific isoforms of P-450, including P-450-male and P-450 2C, increase from 4 to 8 weeks after birth in livers of male rats (12~2). The increase in P-450 content in the homogenates or microsomes observed after weaning probably relates to the increase in these sexspecific P-450 isoforms. P-450 and NADPH-cytochrome P-450 reductase localized in the ER membrane mediate monooxygenations of drugs and steroids. Recently, we observed that immunohistochemical distribution of NADPH-cytochrome P-450 reductase is uniform throughout the lobole until 4 days after birth, and gradually changes to the sublobular distribution of the adult type, stronger in perivenular than periportal zones, between 5 and 30 days of age (6) . The pattern of postnatal changes in sublobular distribution of all P-450 isoforms found in the present study is therefore similar to the pattern of NADPH-cytochrome P-450 reductase.
Recent immunohistochemical studies showed that P-450 hA7 (13), P-450 111 A (17), P-450 I1 C (17), and P-450 I A2 (17) distributed in hepatocytes throughout the lobule in human fetuses become abundant in perivenular or perivenular plus midzonal hepatocytes during development (13J7). These results are in agreement with the present findings. However, in livers of adult rats, P-450 MC2 is shown to be predominant in periportal hepatocytes (24). The present results suggest that the amount of periportally predominant P-450 isoforms is much smaller than that of perivenulomidzonally predominant isoforms in the rat liver.
The present results show that changes in the amount and sublobular distribution of all P-450 isoforms in the liver during the perinatal period differ from those after weaning. This may relate to the difference in regulatory mechanism for the expression of P-450: perinatal expression of P-450 in hepatocytes is regulated directly by androgen or growth hormone, whereas the expression after weaning is controlled primarily by an imprinted program.
